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To investigate the factors inﬂuencing stress distributions of piles during earthquakes, a physical model test was conducted using the large
shaking table at E-defense. The tests were run on a 3 3 pile group supporting a foundation with and without a superstructure set in a dry sand
deposit prepared in a cylindrical laminar box. Experimental variables included the natural period of a superstructure and the presence of
foundation embedment. Based on the test results and discussions, the following conclusions are made: (1) When the natural period of a
superstructure was shorter than or close to that of the ground, the inertial force of the superstructure mainly controlled pile stresses, in which both
shear force and bending moment tended to be the largest in the leading pile. When the overturning moment is small in this case, sway motion
dominates in which bending moment has maxima at both pile head and a certain depth in the ground. When the overturning moment becomes
large enough to induce a rotation of foundation, by contrast, rocking motion dominates in which pile bending moment is small at the pile head,
increasing with depth with a peak at some depth; (2) When the natural period of superstructure was much longer than that of the ground, the
inertial force from the superstructure gets small and ground displacement may control the pile stresses in such a way that the shear forces at the
pile heads were almost the same within a pile group. In this case, pile stress distributions with depth were mainly controlled by the sway motion
due to the ground displacement, in which bending moment becomes a maximum only at the pile head and decreases with depth; and (3) The
combination of the effects of the sway and rocking motions on pile stress varied depending on such factors as the presence of foundation
embedment, natural periods of superstructures, aspect ratios of structures (height/width) and ground displacement.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Recent earthquakes caused extensive damage not only to
structures but also to pile foundations (e.g., Kansai Branch of10.1016/j.sandf.2014.06.009
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der responsibility of The Japanese Geotechnical Society.Architectural Institute Japan, 1996; BTL Committee, 1998;
Architectural Institute Japan, 2012). Post-earthquake recon-
naissance studies have shown that pile damage occurred in
both liqueﬁed and non-liqueﬁed areas. In non-liqueﬁed areas,
pile heads in most tilted buildings did fail, suggesting strong
effects of inertial force from their superstructures. In contrast,
piles in liqueﬁed and/or laterally spreading areas were often
damaged at depths in the ground other than near the pile heads,
suggesting strong effects of ground displacement. To estimateElsevier B.V. All rights reserved.
Photo 1. Laminar box on shaking table.
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modes of piles during earthquakes, soil–pile–structure interac-
tion studies have been made through physical model tests
using 1G and centrifugal shaking tables.
In order to establish reasonable seismic design of pile
foundations, it is important to estimate factors inﬂuencing the
failure and deformation modes of piles during earthquakes.
Despite the actual three-dimensional loading conditions occurred
in the ﬁeld, most of the previous tests were conducted under
one-dimensional loading (e.g. Boulanger et al., 1999; Mizuno
et al., 2000; Tamura et al., 2001; Iiba et al., 2003; Tokimatsu
et al., 2005; Shirato et al., 2008) and were rarely made under
multi-dimensional loading conditions (e.g. Hijikata et al., 2004).
Shirato et al. (2008) have investigated a difference in pile
stresses within a pile group in a dry sand layer and have
simulated p–y behavior of piles through shaking table tests
under on-dimensional loading. Iiba et al. (2003) have suggested,
through shaking table studies, that sway-rocking motion might
have had signiﬁcant effects on pile stresses and its distributions.
It seems, however, further studies are required to examine the
effects of sway-rocking motion on the failure and deformation
modes of pile foundations.
To investigate the inertial and kinematic effects on pile groups in
dry sand in three-dimensional shaking, physical tests on soil–pile–
structure models were conducted using E-defense facilities, one of
the largest shaking tables in the world, located at the Hyogo
Earthquake Engineering Research Center of the National Research
Institute for Earth Science and Disaster Prevention (NIED) (Tabata
and Sato, 2006; Tokimatsu et al., 2007; Suzuki et al., 2008).
Suzuki and Tokimatsu (2010) have shown, based on the E-Defense
test results, that pile group effects have signiﬁcant effects on the
sway-rocking motion of pile–structure systems as well as on pile
stresses. The objective of this study is to investigate the factors
inﬂuencing sway-rocking motion of pile–structure systems and
their effects on pile stresses under three-dimensional loading
through the results of those tests.Fig. 1. Soil–pile–structure model. (a) Plan and (b) Elevation.2. Large shaking table tests at E-Defense facilities
The E-Defense shaking table platform has dimensions of 15 m
length and 20 m width. It is supported on 14 vertical hydraulic
jacks and connected to ﬁve hydraulic jacks each in the two
orthogonal horizontal directions. It has a payload capacity of
1200 t with a maximum acceleration, velocity, and displacement
of 9 m/s2, 2 m/s, and 1 m respectively in both the horizontal
directions and of 15 m/s2, 0.7 m/s, and 0.5 m respectively in the
vertical direction. About 900 channels of ampliﬁers and AD
converters can be mounted under the shaking table platform to
monitor various outputs during shaking.
Photo 1 shows the shaking table with a cylindrical laminar box,
with a height of 6.5 m and an inner diameter of 8.0 m. The
cylindrical laminar box consists of 41 stacked ring frames, enabling
shear deformation of the inside soil during two-dimensional
horizontal shaking. Fig. 1 shows a soil–pile–structure model
constructed in the laminar box. A 3 3 stainless steel pile group
was used for the tests. The piles were labeled Piles P11–P33according to their locations within the pile group. Each pile had a
diameter of 152.4 mm and a wall thickness of 2.0 mm. The piles
were set up with a horizontal space of four-pile diameters center to
center. Their tips were jointed to the laminar box base with pins
and their heads were ﬁxed to a foundation of a weight of 10 t.
After setting the pile group in the laminar box, the sand was
air-pluviated and compacted to a relative density of about 70% to
form a uniform sand deposit with a thickness of 6.4 m. Albany
H. Suzuki et al. / Soils and Foundations 54 (2014) 699–712 701sand, imported from Australia, was used to prepare the sand
deposit. Fig. 2 shows the grain size distribution of Albany sand.
The sand has a mean grain size D50 of 0.31 mm and a coefﬁcient
of uniformity Uc of 2.0. The natural period of the sand deposit was
about 0.16 s throughout the tests.
A total of ﬁve soil–pile–structure systems with or without
superstructure and/or embedment (hereby named A to E) were in
turn subjected to three-dimensional shaking without re-preparing
the sand deposit. Table 1 summarizes the test conditions including
the presence of foundation embedment and superstructure, the
height of columns and natural period of superstructures, in addition
to the input motions with scaled peak ground accelerations. Series
E used identically the same model as Series D, but without
foundation embedment. A foundation carried a superstructure of aGravelCoarsesand 
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Fig. 3. Acceleration response spectra of input m
Table 1
Test series.weight of 28 t with four columns in all series except for Series C.
The superstructure had a natural period of 0.1 s in Series A, 0.2 s in
Series D and E and 0.6 s in Series B. This was achieved by
changing the height and/or stiffness of the four columns supporting
a superstructure. Steel columns 0.3 m or 1.0 m high were used in
Series A, D and E, while rubber columns 0.3 m high were used in
Series B. Thus, an aspect ratio, i.e. height versus width of structure,
is larger in Series D and E than in Series A and B. The natural
period of the superstructure was smaller in Series A, slightly larger
in Series D and E and larger in Series B than that of the ground.
A large number of strain gauges, accelerometers, velocity
meters, earth pressure transducers, displacement transducers,
settlement meters and load cells, about 900 sensors in total,
were placed in the deposit as well as on the pile–structure
model. As shown in Fig. 1, many strain gauges were placed
with depth on every pile and earth pressure transducers were
also placed on some depths of ﬁve piles.
The tests were conducted under one-, two- and three-dimen-
sional shaking with three different ground motions recorded at
(i) JR Takatori Station in the 1995 Kobe Earthquake, (ii)
Lincoln School in the 1952 Taft Earthquake and (iii) Akasaki
in the 2000 Tottori Earthquake (henceforth named Takatori,
Taft, and Tottori or abbreviated as TK, TF, and TT). Fig. 3
shows their acceleration response spectra with a damping ratio
of 5%. The acceleration response spectra of the horizontal
motions at Tottori dominate only in a short period range with a
sharp spectral peak at about 0.1 s (Fig. 3(c)), whereas those at
Takatori and Taft dominate over a wide period range covering
0.1–1.0 s (Fig. 3(a) and (b)).0.1
iod (s)
NS(x) 
EW(Y) 
UD(Z)
1 5 1 5
otion. (a) Takatori, (b) Taft and (c) Tottori.
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ponents and three-component motions were used as input to the
shaking table with the largest horizontal acceleration being scaled
to one listed in Table 1. The NS and EW components of the
ground motion were applied to the NS (X) and EW (Y) directions
of the model as shown in Fig. 1, with the UD component to the
vertical direction (Z). The piles were within the elastic range
throughout the ﬁrst four series A–D as well as the initial phase of
Series E, all subjected to maximum input accelerations less than
about 0.8 m/s2, whereas they failed during the later phase of Series
E with a maximum input acceleration of 6.0 m/s2. This paper
investigates the effects of sway-rocking motion on pile stresses
based on ﬁve test series (A–E) subjected to the abovementioned
three different 3D ground motions, all with a maximum input
acceleration of 0.8 m/s2. These tests are henceforth categorized
using three letters, i.e., series ID (A–E) hyphenated with earthquake
ID (TK, TF, and TT) such as Test E-TK. Further details of the test
apparatus and procedure have been described elsewhere (Tabata
and Sato, 2006).
3. Inertial and kinematic effects on stresses within a pile
group
3.1. Variation of stresses within a pile group
Fig. 4 shows the time histories of horizontal displacements of
the foundation and the ground surface, horizontal accelerations of
the superstructure, the foundation, the ground surface and theFig. 4. Time histories of mshaking table and bending and axial strains at the heads of Piles
P11, P22 and P33 (see Fig. 1(a)) in Test E with Takatori motion
(E-TK). The horizontal accelerations of the ground surface and the
foundation are more than twice and that of the superstructure is
four times as large as that of the shaking table (Fig. 4(e)–(l)). The
displacement of the foundation is larger than that of the ground
(Fig. 4(a)–(d)), suggesting that the passive earth pressure acts on
the front side of the foundation, while the active earth pressure acts
on the rear side of the foundation (Tamura et al., 2001). The total
earth pressure acts against the inertial force, reducing the shear
force transmitted to the pile foundation from the superstructure.
The absolute axial strains in Piles P11 and P33 are almost the
same, but they have opposite signs (Fig. 4(s) and (u)). This is
because Piles P11 and P33 are located on the diagonal sides
within a pile group (Fig. 1) and their axial forces due to
overturning moment from a superstructure are reversed. The
axial strain in Pile P22 is signiﬁcantly smaller than those in Piles
P11 and P33 (Fig. 4(s)–(u)), probably because it is located in the
center of the pile group. The bending strain of any pile head
tends to increase with increasing superstructure acceleration but
in a slightly different manner depending on its location within a
pile group. The bending strain in the EW direction is smaller on
the negative side than on the positive side in Pile P11 but is
smaller on the positive side than on the negative side in Pile P33
(Fig. 4(p) and (r)). The bending strain in the NS direction, in
contrast, is smaller on the positive side than on the negative
side in Pile P11 but is smaller on the negative side than on the
positive side in Pile P33 (Fig. 4(m) and (o)). This suggests thatajor outputs in E-TK.
Fig. 5. Bending strain distributions of piles in E-TK.
Fig. 6. Axial strain distributions of piles in E-TK.
Fig. 7. Acceleration response spectra in A-TK. (a) A-TK (NS) and (b) A-TK (EW)
Fig. 8. Acceleration response spectra in B-TK. (a) B-TK (NS) and (b) B-TK (EW)
H. Suzuki et al. / Soils and Foundations 54 (2014) 699–712 703the bending strain varies depending on the location within a pile
group, as is the case in axial strains.
To estimate the variation in pile stresses within a pile group,
Figs. 5 and 6 show the distributions with depth of bending and
axial strains for nine piles at about 3.4 s after the shaking
started when the inertial force estimated from accelerations of
the structure takes the largest peak on the southeast, asindicated by lines in Fig. 4. The bending strains are computed
by a sum of NS and EW components. At this instant, Pile P11
is the leading corner pile and Pile P33 is the trailing corner
pile. The bending strains of nine piles are large at the pile head
as well as at a depth of about 1.0 m. These values at the pile
heads become the largest at the leading corner pile, i.e., Pile
P11 (Fig. 5(i)), and become the smallest at the trailing corner
pile, i.e., Pile P33 (Fig. 5(a)). In addition, the depth at which
the bending strain takes the inﬂection tends to be smaller in the
leading pile, i.e., Pile P11 (Fig. 5(i)), than in any other trailing
pile. These trends conﬁrm that the pile stresses vary within a
pile group due to the shadowing effects, in which the stress
zones induced by the following piles overlap with those of the
preceding piles, as reported by previous studies (e.g., Brown
et al., 1988; Rollins et al., 1998). Fig. 6 shows that, when the
inertial force increases southeastward, the largest axial com-
pression (negative) strain develops on the leading pile (Pile
P11) (Fig. 6(i)), with the largest axial extension (positive)
strain on the rear pile (Pile P33) (Fig. 6(a)). The axial strain of
each pile decreases with depth, reﬂecting the positive friction
in piles. It is interesting to note that the axial extension
(positive) strains of Piles 23 and 32 are as large as that of Pile
33 (Fig. 6(a), (b) and (d)). In contrast, the axial compression
(negative) strain is large only in Pile 11 (Fig. 6(i)). This is
probably due to P-delta effects resulting from large overturning
moment and inertial force from the superstructure, which
induces a frontward shift of the gravity center of the structure
and leads to the pile stress distribution described above.
Fig. 9. Acceleration response spectra in C-TK. (a) C-TK (NS) and (b) C-TK (EW)
Fig. 10. Acceleration response spectra in D-TK. (a) D-TK (NS) and (b) D-TK
(EW)
Fig. 11. Acceleration response spectra in E-TK. (a) E-TK (NS) and (b) E-TK (EW).
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To investigate factors inﬂuencing the stress distributions of
piles, Figs. 7–11 show the acceleration response spectra of the
shaking table, the ground surface, the foundation and the
superstructure in the ﬁve tests A–E with Takatori motion
(A-TK to E-TK). Figs. 7–11 show that the acceleration
response spectra of the ground surface are almost the same
among the ﬁve tests. The shapes of the acceleration response
spectra of the superstructure in Tests A, B, D and E differ from
one another, depending on their natural periods of super-
structures. The period of time required for the acceleration
responses of the superstructure and the ground surface to peak
in Tests A, D and E (Figs. 7,10 and 11) is almost the same, it
took a signiﬁcantly different amount of time in Test B (Fig. 8).
This is because the natural period of the superstructure is close
to that of the ground in Tests A, D and E, but it is signiﬁcantly
larger than that of the ground in Test B.
Figs. 12–15 show the time histories of horizontal accelera-
tions of the superstructure (foundation for Test C) and the
ground surface, the ground surface displacement and bending
and axial strains at the head of Pile P11 in the four test cases
except Test E. Both the acceleration and displacement of the
ground surface are almost the same among all the four tests
(Figs. 12–15(b), (d), (e) and (f)). The maximum accelerations
of the superstructure in Tests A and D are twice as large as that
of the ground surface but those in Test B are almost the same
as that of the ground surface (Figs. 12, 13 and 15(a)–(d)). The
difference in the superstructure acceleration was induced by
difference in natural periods of superstructures. Namely, the
period range in which the ground surface acceleration is
dominant covers the natural period of the superstructure in
Tests A and D but does not cover that in Test B, as shown in
Figs. 8–11. A comparison between two tests having the same
superstructure (Tests D and E) shows that the superstructure
acceleration is slightly larger in Test D with embedment
than Test E without embedment (Figs. 4(e) and (i) and 15(a)
and (c)). This seems consistent with the previous ﬁnding that
the embedment of spread foundation tends to increase the
superstructure acceleration (Tamura et al. 2010). The bending
strain at the pile head in Tests B and D is smaller than those in
Tests A and E, showing almost the same levels as that in Test
C without a superstructure (Figs. 4(o) and (r) and 12–15(g)
and (h)).
Fig. 16 shows the distributions of bending strains with depth
for three piles (Piles P11, P22 and P33) at about 3 s after
shaking when the bending strain takes a peak (indicated with
vertical line in Figs. 12–15), compared with those in Test E.
At those instants, Pile P11 is always the leading corner pile
with Pile P33 being the trailing corner pile. It is interesting to
note that the horizontal distribution of bending strain varies
from case to case, i.e., the bending strain is larger in the
leading pile than in the trailing pile in Tests A, D, and E,
whereas it is almost the same among the three piles in Tests B
and C. The difference in horizontal distribution of pile stress
suggests the difference in pile group effects among the cases.
It is interesting to note further that the vertical distribution ofbending strain also varies from case to case. Namely, the
maximum bending moment occurs at two depths, i.e., the pile
head and a depth of 0.5–1.0 m, in Tests A and E (Fig. 16(c)
and (o)), while it occurs only at a depth, i.e., either the pile
head in Tests B and C (Fig. 16(d)–(i)) or at a depth of about
0.5–1.0 m in Test D (Fig. 16(l)).
To estimate factors inﬂuencing bending strain, Fig. 17
shows the relationship between bending strain at the head of
Pile P22 with the inertial force of structure and the ground
displacement in the ﬁve tests. The inertial force was computed
from accelerations and masses of the superstructure and the
foundation. The bending strain in Tests A, D, and E increases
with increasing inertial force, while that in Test B increases
Fig. 12. Time histories of major outputs in A-TK.
Fig. 13. Time histories of major outputs in B-TK.
Fig. 14. Time histories of major outputs in C-TK.
H. Suzuki et al. / Soils and Foundations 54 (2014) 699–712 705with ground displacement. Fig. 18 shows the relations between
the inertial force from a structure and the shear force at pile
heads. The shear force shown in Fig. 18 corresponds to the
sum of those of the nine piles. The shear force at each pile was
computed from the differentiation of bending moments with
depth. The inertial force in Test B with a superstructure is
as low as that in Test C without a superstructure (Fig. 18(b)
and (c)). This is because, due to its long natural period, the
acceleration response of the superstructure in Test B is out of
phase with that of the foundation and becomes very small
(Figs. 8 and 13(a) and (c)). As is the case in Test C without a
superstructure, this could highlight the effects of ground
displacement in Test B, in which the bending strain takes amaximum value only at the pile head and decreases with depth.
The inertial forces in Tests A, D and E, in contrast, are
signiﬁcantly larger than those in Tests B and C, thereby
controlling shear force and bending strain in piles (Fig. 18(a),
(d) and (e)).
A comparison between Tests D and E in Fig. 18(d) and (e)
shows that the shear force transmitted to pile heads is smaller
in Tests D than in Test E. This is because the earth pressure
acting on the embedded foundation in Test D reduces the shear
force transmitted to the pile heads. In addition, the shear force
in Test D is smaller in that in Test A (Fig. 18(a) and (d)). The
difference in shear force between Tests A and D is probably
due to the difference in natural periods of superstructures
Fig. 15. Time histories of major outputs in D-TK.
Fig. 16. Bending strain distributions of piles in A-TK, B-TK, C-TK, D-TK and E-TK.
H. Suzuki et al. / Soils and Foundations 54 (2014) 699–712706(Tokimatsu et al., 2005), i.e., the natural period of the
superstructure in Test A is shorter but that in Test D is slightly
larger than the natural period of the ground. As a result, the
ground displacement and the inertial force in Test D tend to be
out of phase, causing larger earth pressure acting against the
inertial force and thereby reducing the shear force transmitted
to piles. The inertial force and the ground displacement in Test
A, in contrast, are in phase, causing smaller earth pressure and
thereby transmitting the shear force from the superstructure
almost directly to the pile.
To estimate the effects of sway and rocking motion on the
structural response, Fig. 19 shows the relation between therelative horizontal displacement of the foundation with respect
to the ground and the relative vertical displacement between
the opposite edges of foundation in the ﬁve tests shown
in Figs. 16–18. The relative horizontal displacements were
determined by the integration of horizontal accelerations
measured on a foundation and in the ground and then by the
subtraction of one from the other, while its relative vertical
displacement by integration of vertical accelerations measured
at the four edges of the foundation and then by subtraction of
one from the orthogonal one. The relative horizontal displace-
ment of foundation is smaller in Tests B and C than in Tests A,
D and E, suggesting that all the piles in the former cases move
Fig. 17. Relations of bending strain with inertial force and ground displacement in (a,f) A-TK, (b,g) B-TK, (c,h) C-TK, (d,i) D-TK and (e,j) E-TK.
Fig. 18. Relations between inertial force and shear force in (a) A-TK, (b) B-TK, (c) C-TK, (d) D-TK and (e) E-TK.
H. Suzuki et al. / Soils and Foundations 54 (2014) 699–712 707more together with the ground. The bending strains in Tests B
and C were, therefore, controlled by the ground displacement
and were almost the same within a pile group (Fig. 16(d)–(i)).
This corresponds to the previous study by Shirato et al. (2008),
in which the pile group effects become insigniﬁcant with
decreasing relative displacement between piles and the ground.
Fig. 19 also shows that, among the three tests with large
structural response (Tests A, D, and E), Test D shows the
largest relative vertical displacement with the smallest relative
horizontal displacement. It is possible that this reduced the
bending strain at the pile head, thereby producing the unique
vertical bending strain distribution as shown in Fig. 16(j)–(l).
In contrast, Tests A and E show a smaller vertical displacement
and a larger relative horizontal displacement, thereby produ-
cing a familiar vertical bending strain distribution such as
shown in Fig. 16(a)–(c) and (m)–(o). Fig. 20 shows the
relations between the total shear force of nine piles and the
vertical force acting on Pile 11 in the ﬁve tests. The axial force
acting on one corner pile (Pile 11) is larger than the total shear
force of nine piles in Test D. In contrast, in the other tests
(Tests A, B, C and E), the axial force is smaller than the total
shear force. This conﬁrms that the contributions of vertical
force due to overturning moment and horizontal force due to
inertial force and kinematic effects acting on piles are related
to the combination of vertical and horizontal displacement and
variation of bending strain distribution with depth. As the
relative horizontal displacement of a foundation with respect to
the ground represents sway effects and the relative verticaldisplacement between the opposite sides of a foundation
represents rocking effects, the combination of sway and
rocking motion is evaluated, based on the relation between
the vertical and horizontal displacements of the foundation in
this study. Namely, when the relative vertical displacement
between the opposite edges of the foundation is larger than the
relative horizontal displacement of the foundation with respect
to the ground (Test D), rocking motion dominates. In contrast,
when the relative vertical displacement is smaller than the
relative horizontal displacement (Tests A, B, C and E), sway
motion dominates.
To estimate the sway-rocking stiffness of pile–structure
systems, Figs. 21 and 22 show the relationship between the
overturning moment of the structure and the rotational angle of
the foundation as well as those between the inertial force
and the foundation displacement relative to the ground surface
in the ﬁve tests. The overturning moment is computed from
the observed accelerations of the superstructure and the founda-
tion, their mass and the height of their center of the gravity. The
rotational angles of foundation are computed by the relative
vertical displacement of the opposite edge of foundation. The
slopes of these relations in Figs. 21 and 22 correspond to the
stiffness of sway and rocking motions, respectively. Both the
relative horizontal displacement and rotational angle of the
foundation increase with increasing inertial force and with
overturning moment. Not only the inertial force but also the
overturning moment in Tests B and C are signiﬁcantly smaller
than others (Figs. 21 and 22(b) and (c)), probably highlighting
Fig. 19. Relations between relative horizontal displacement and relative vertical displacement of foundation in (a) A-TK, (b) B-TK, (c) C-TK, (d) D-TK and (e) E-TK.
Fig. 20. Relations between axial force and shear force in (a) A-TK, (b) B-TK, (c) C-TK, (d) D-TK and (e) E-TK.
Fig. 21. Relations between relative horizontal displacement and inertial force in (a) A-TK, (b) B-TK, (c) C-TK, (d) D-TK and (e) E-TK.
Fig. 22. Relations between rotational angle and overturning moment in (a) A-TK, (b) B-TK, (c) C-TK, (d) D-TK and (e) E-TK.
H. Suzuki et al. / Soils and Foundations 54 (2014) 699–712708the effects of ground displacement on pile stresses. The
kinematic force induced by the ground displacement is con-
sidered to be the horizontal force, mainly inducing a swaying
motion of the foundation.
Fig. 22 shows that the rotational stiffness is almost the same
among Tests A, D and E, indicating that the rocking stiffness is
insensitive to the presence of the foundation embedment
(Fig. 22(a), (d) and (e)). Among the three tests, Test D shows
the largest rotational angle, probably because its superstructure
acceleration is larger than that in Test E and its aspect ratio is
larger than that in Test A. In contrast, the sway stiffness variessigniﬁcantly depending on the test case, being larger in order
of Tests E, A and D (Fig. 21(a), (d) and (e)). Fig. 18 suggests
that the shear force transmitted to piles tends to decrease
signiﬁcantly with increasing sway stiffness (Fig. 18(a), (d)
and (e)).
3.3. Effects of input motion on pile stresses
To estimate the effects of input motion on pile stresses,
Figs. 23–26 show the acceleration response spectra and the
time histories of major outputs for Tests A and D with Tottori
H. Suzuki et al. / Soils and Foundations 54 (2014) 699–712 709motion (A-TT and D-TT), the predominant period of which is
smaller than a natural period of the ground. A comparison of
Figs. 12 and 15 with Figs. 25 and 26(b), (e), (g) and (h) shows
that the displacement and acceleration of the ground shaken
with Tottori motion are signiﬁcantly smaller than those with
Takatori motion. Figs. 25 and 26(i) and (j) show that the
bending and axial strains in those tests also tend to increase
with increasing superstructure acceleration.
Fig. 27 shows distributions of bending strain in the two tests
with Tottori motion at the time, in which the superstructure
acceleration has a peak as shown in lines in Figs. 25 and 26.
The bending strain in both tests takes a peak at some depthFig. 23. Acceleration response spectra in A-TT. (a) A-TT (NS) and (b) A-TT (EW).
Fig. 24. Acceleration response spectra in D-TT. (a) D-TT (NS) and (b) D-TT (EW).
Fig. 25. Time histories of mbelow the pile head and decreases both upward and downward,
suggesting the dominance of rocking motion. As the effects of
the swaying motion are dominant in Series A with Takatori
motion (A-TK), the input motion might have affected the
sway-rocking mode of the system.
Figs. 28 and 29 show the relationships between shear force and
inertial force as well as those between the relative vertical
displacement and relative horizontal displacement of the founda-
tions for the two tests. The shear force transmitted to piles is
signiﬁcantly smaller with Tottori motion (A-TT and D-TT) than
with Takatori motion (A-TK and D-TK) (Figs. 18(a) and (d)
and 28). The horizontal foundation displacement relative to the
ground is also smaller with Tottori motion than with Takatori
motion (Figs. 19(a) and (d) and 29). This is probably because
smaller ground displacements in tests with Tottori motion can
resist more the inertial force from the superstructure.
Figs. 30 and 31 show the relationships between inertial force
and relative horizontal displacement as well as those between
overturning moment and rotational angle of foundations in the
two tests with Tottori motion. Both sway and rocking stiffness
are larger in these cases (A-TT and D-TT in Figs. 30 and 31) than
those in the cases subjected to waves of a longer predominant
period (A-TK and D-TK in Figs. 21 and 22(a) (d)). The increase
in stiffness in the two tests with Tottori motion is more signiﬁcant
in sway stiffness than in rocking stiffness. This might have
induced the dominance of rocking motion over strain distributions
of piles.3.4. Factors inﬂuencing sway-rocking motion of
pile–structure systems
Fig. 32 shows the distributions of bending strains for Piles P11,
P22 and P33 in tests with Tottori and Taft motions (B-TT, C-TT,
A-TF, B-TF, C-TF and D-TF). In tests B and C with Tottori and
Taft motion, the sway motion induced by ground displacement
dominates and controls the bending strain distributions, as is the
case with tests B and C with Takatori motion (Fig. 32(a), (b), (d)
and (e)). The bending strain distributions in Tests A and D with
Taft motion show a similar trend to those in Tests A and D withajor outputs in A-TT.
Fig. 26. Time histories of major outputs in D-TT.
Fig. 27. Bending strain distributions of piles in A-TT and D-TT.
Fig. 28. Relations between inertial force and shear force in (a) A-TT and
(b) D-TK.
Fig. 29. Relations between relative horizontal displacement and relative
vertical displacement of foundation in (a) A-TT and (b) D-TT.
H. Suzuki et al. / Soils and Foundations 54 (2014) 699–712710Takatori motion. This indicates that the sway motion induced by
the inertial force controls the bending strain distributions in Test
A-TF but that the rocking motion induced by the inertial force
controls those in Test D-TF (Fig. 32(c) and (f)).
Fig. 33(a) summarizes the relationship between the max-
imum rotational angle and relative displacement of foundations
on the NS and EW directions for the 13 tests. The black circles
and triangles correspond to the tests in which the rocking
motion due to the inertial force controls the bending strain
distributions, while the white circles and triangles correspond
to the tests in which the sway motion due to the inertial force
controls the bending strain distributions. The squares corre-
spond to the tests in which the sway motion due to the
ground displacement controls the bending strain distributions.
Fig. 33(b) shows the relationship between the maximum
overturning moment and shear force transmitted to the pileheads. A comparison between Fig. 33(a) and (b) shows that
their trend are quite similar, conﬁrming that the combination of
the effects of sway and rocking motion (relative displacement
versus rotational angle) are induced by the combination of
shear force and overturning moment transmitted to the pile
heads. Namely, the combination of effects of sway and rocking
motion is affected by such factors as the presence of founda-
tion embedment, natural periods of superstructures, aspect
ratios of structures (height/width) and ground displacement.
The presence of foundation embedment, a greater natural
period of superstructure and a small ground displacement tend
to increase the sway stiffness, thereby decreasing the shear
force transmitted to pile heads and the relative displacement of
foundations. A structure with a large aspect ratio tends to
increase the overturning moment and rotational angles of
foundations. When both the shear force and overturning
Fig. 31. Relations between rotational angle and overturning moment in (a) A-TT
and (b) D-TT.
Fig. 30. Relations between relative horizontal displacement and inertial force
in (a) A-TT and (b) D-TT.
Fig. 33. Maximum rotational angle, relative displace
Fig. 32. Bending strain distributions of piles in
H. Suzuki et al. / Soils and Foundations 54 (2014) 699–712 711moment from superstructures are signiﬁcantly small, the sway
motion due to the ground displacement dominants over the
distributions of pile strains.
4. Conclusions
To investigate the factors inﬂuencing stress distributions of
piles during earthquakes, a physical model test was conducted
using the large shaking table at E-defense. The tests were run
on a 3 3 pile group supporting a foundation with or without
a superstructure set in a dry sand deposit prepared in a
cylindrical laminar box. Experimental variables included the
natural period of a superstructure and the presence of a
foundation embedment. Based on the test results and discus-
sions, the following conclusions can be made:(1)ment
B-TTWhen the natural period of a superstructure (Tb) was shorter
than or close to that of the ground (Tg), the inertial force of the
superstructure mainly controlled pile stresses, in which both
shear force and bending moment tended to be the largest in the
leading pile. When the overturning moment is small in this
case, sway motion dominates in which bending moment has
maxima at both pile head and a certain depth in the ground.
When the overturning moment becomes large enough to
induce a rotation of foundation, by contrast, rocking motion, overturning moment and shear force.
, C-TT, A-TF, B-TF, C-TF and D-TF.
H. Suzuki et al. / Soils and Foundations 54 (2014) 699–712712dominates in which pile bending moment is small at the pile
head, increasing with depth with a peak at some depth;(2) When the natural period of superstructure (Tb) was much
longer than that of the ground (Tg), the inertial force from
the superstructure gets small and ground displacement may
control the pile stresses in which the shear force at the pile
heads were almost the same within a pile group. In this
case, pile stress distributions with depth were mainly
controlled by the sway motion due to the ground displace-
ment, in which bending moment becomes a maximum only
at the pile head and decreases with depth; and(3) The combination of the effects of the sway and rocking
motions on pile stress varied depending on such factors as
the presence of foundation embedment, natural periods of
superstructures, aspect ratios of structures (height/width)
and ground displacement. Either the presence of founda-
tion embedment, a structure with Tb greater than Tg, or
a small ground displacement increases the sway stiff-
ness, thereby decreasing the shear force transmitted to
pile heads. A structure with a large aspect ratio tends to
increase the overturning moment and rotational angles of
foundations, and vice versa.Acknowledgments
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